Introduction 45
Studies of Daphnia-parasite interactions date back to at least the 1880s (Metchnikoff 46 1884, 1888, 1889). In the past 25 years, Daphnia and their parasites have emerged as a model 47 spores. We knew that Pasteuria spores remain viable in the freezer (Ebert 2005, Little et al. 68 2006), even after passing through a Daphnia gut (King et al. 2013 ). However, we did not have 69 corresponding data on Metschnikowia, though, based on anecdotal observations, we suspected 70
Metschnikowia spores would not remain viable in the freezer. Our two studies showed that we 71 need more information regarding spore storage conditions to make informed decisions about 72 appropriate experimental design. 73
We tested the effects of storage length and temperature on two common Daphnia 74 parasites: Pasteuria ramosa and Metschnikowia bicuspidata. We stored spores for lengths 75 ranging from 1 day to 1 year and at two temperatures (-20°C (freezer) and 4C (refrigerator)), 76
then assessed both their infectivity and the spore yield from infected hosts. This information will 77 assist other scientists interested in carrying out experiments with these model systems, and might 78 also help explain patterns of disease in natural populations. 79
80

Methods 81
We tested the effects of storage length and temperature on infectivity of spores of the 82 bacterium Pasteuria ramosa ("G/18" isolate) and the fungus Metschnikowia bicuspidata ("Std" 83 isolate). We used infection assays in which hosts were exposed to either Pasteuria or 84 treatment; 3) after the appropriate storage length, removing them from storage and grinding up 91 the infected individuals in each tube; 4) using a hemocytometer to determine the density of 92 spores in each tube (our measure of spore yield); 5) adding the appropriate amount of spores 93 from a tube to a beaker containing six uninfected D. dentifera; 6) exposing the D. dentifera to the 94 spores for 24 hours; and, finally, 7) maintaining the exposed individuals in the lab until it was 95 possible to determine whether they were infected (our measure of infectivity). 96
(a) Impact of storage length and temperature on spore infectivity 98
We used eight storage length treatments, ranging from 1 day to 1 year (Table 1) . We used 99 this range because sometimes we want to store spores longer term (as in the Pasteuria example 100
given in the introduction), whereas at other times we want to quickly kill spores (as in the 101
Metschnikowia example given in the introduction). The intermediate storage ranges were chosen 102 because, based on prior experience with these parasites, we suspected that Pasteuria would live 103 at least several months and likely a full year, whereas we suspected that Metschnikowia would 104 not survive more than a few months. We used two storage temperatures (-20°C vs. 4C), chosen 105 to correspond with common laboratory storage conditions: in the freezer or refrigerator, 106 respectively. 107 Table 1 . Treatment combinations for the experiment. "Pasteuria" = Pasteuria ramosa; "Metsch" = Metschnikowia bicuspidata; "wks" 109 = weeks, "mo." = months. We maintain separate laboratory stock cultures of Pasteuria and Metschnikowia. We 113 collected heavily infected Daphnia dentifera from these cultures on 13 March 2017; individuals 114 were identified as heavily infected based on their increased opacity, which makes them appear 115 bright when illuminated. We put Pasteuria-infected D. dentifera in 1.5 mL microcentrifuge tubes 116 that were then randomly assigned to a particular temperature and storage length treatment. We 117 then repeated the process for Metschnikowia-infected D. dentifera. The exact number of infected 118 individuals that were added to each tube is given in Table 1 . 119
For parasite exposures, we used two spore doses for each parasite, as we thought the 120 lower dose would detect treatment effects at times when infectivity remained high, while the 121 higher dose could detect differences between treatments when infectivity was low. Pilot studies 122 indicated that Metschnikowia dies rapidly when stored at -20C. Therefore, for the -20C 123
Metschnikowia treatment, we used only the high dose exposure as we expected to see no 124 infections at the low spore dose, and included only the two shortest storage lengths, to avoid 125 wasting spores. 126
We used a pestle (Fisherbrand Pellet Pestle with Cordless Motor) to grind infected 127 Daphnia in one of the microcentrifuge tubes (corresponding to the treatments indicated in Table  128 1) and used a hemocytometer to determine the spore density in the tube. We then generated the 129 indicated in Table 1 ; with the exception of the Metschnikowia -20C treatment (which did not 136 have low spore beakers), a single 1.5 mL microcentrifuge tube was used to generate the spores 137 for low spore dose and high spore dose beakers, as indicated in Table 1 in the "# beakers per 138 replicate tube" columns. 139
We exposed D. dentifera to spores at 20C in 16:8 light:dark (consistent with previous 140 studies; e.g., Auld et al. 2014a ). After 24 hours of spore exposure, the six D. dentifera 141 individuals in each beaker were transferred to beakers containing filtered lake water that did not 142 contain spores. Individuals were fed 10,000 cells/mL of a nutritious green alga, Ankistrodesmus 143 falcatus, during parasite exposure and 20,000 cells/mL otherwise; we used a lower food dose 144 during parasite exposure because it results in higher infection levels at a given spore dose (Hall 145 et al. 2007 ). We added food to beakers four days/week; feeding four vs. seven days a week has 146 no impact on our ability to determine whether individuals are infected, and reduces labor 147 associated with feeding. Individuals were maintained in the lab until it was possible to determine 148 whether they had been successfully infected (approximately 28 days for Pasteuria and 10-11 149 days for Metschnikowia). Infections were diagnosed by observing individuals under a dissecting 150 microscope; as indicated earlier, infected hosts are much more opaque, with spores filling their 151
hemolymph. 152
We carried out two analyses of the infectivity data, both using generalized linear models 153 (glms) with a binomial error structure. First, we analyzed the Pasteuria data using a model that 154 included dose, storage temperature, storage length (in days), and their interactions as 155 independent variables, and a matrix of uninfected and infected hosts (per individual beaker) as 156 the response variable. For these analyses, we used storage length as measured in days, using the 157 exact lengths calculated from the difference between 13 March and the day of exposure given in Table 1 . Second, we analyzed the data from the Metschnikowia 4C treatment on its own, as we 159 only had two storage lengths for the -20C treatment. This model included dose, storage length 160 (in days), and their interaction as independent variables, and a matrix of uninfected and infected 161 hosts (per individual beaker) as the response variable. In some cases, the number of days did not 162 precisely match to the treatment label (in months or years) due to logistical constraints (e.g., the 163 "1 year" treatment was actually 358 days). The exact treatment lengths were as follows: 1 day (1 164
(b) Variation in spore yield over time 168
We also used glms to analyze the spore yield data, which was obtained with the 169 hemocytometer counts described above. We analyzed data on Pasteuria spore yield using a 170 model that included dose, storage length (in days), storage temperature, and their interactions. 171
For the analysis of Metschnikowia spore yield in the 4C treatment, we used a model that 172 included dose, storage length (in days), and their interaction as independent variables. For both 173
analyses, the dependent variable was ln(spores per infected Daphnia). 174
All analyses were done in R 3.5.0. All data and code can be found on github: 175 https://github.com/duffymeg/sporestorage. 176
177
Results
178
Pasteuria spores remained infective even after 1 year of storage ( Figure 1 ; Table 2 ). Post-179 hoc analyses indicate that the increase in infectivity with storage length was significant for the 180 high spore treatment at both temperatures, and for the low spore treatment at 4C. remained infective in all of these treatments. Post-hoc analyses indicated that infectivity 187 increased in the high spore treatment at both temperatures and in the low spore treatment at 4C 188 (p < 0.015 in all three treatments). 189 Figure 2) . However, the trend was similar to that in 225 Pasteuria-infected hosts (Figure 2) , and the lack of significance may simply reflect lower power 226 based on having only three replicate tubes for Metschnikowia vs. five for Pasteuria (Table 1) . 227
228
Discussion 229
Infectivity and spore yield of two commonly studied Daphnia parasites were strongly 230 influenced by storage length and temperature. Spores of the bacterium Pasteuria ramosa 231 survived and remained infective for at least a year in both the refrigerator and the freezer. 232
However, spore yield from Pasteuria-infected hosts unexpectedly declined over time, especially 233 in the refrigerator. Spores of the fungus Metschnikowia bicuspidata, on the other hand, were 234 rapidly killed by freezing; when stored in the refrigerator, Metschnikowia infectivity declined 235 sharply over the first two months of storage and, by four months, spores were no longerinfective. Spore yield of Metschnikowia-infected hosts trended downwards, but was not 237 significantly impacted by storage length. Thus, when using these parasites in lab experiments, 238 protocols should take into account the effects of storage length and temperature on spore 239 infectivity and yield. 240
The differential response of Pasteuria and Metschnikowia spore infectivity to storage has 241 important implications for experimental design (Figures 1 and 3) . While Pasteuria spores can be 242 stored in the lab for relatively long periods (months to years) before being used to infect hosts, 243
Metschnikowia spores lose their infectivity over a period of weeks to months. Because of this, Ideally, spore counts from infected hosts should be done as soon after collection as possible. 275
However, if spore counts cannot be done quickly (within days to weeks), our results suggest that 276 samples should be stored in the freezer until they can be counted to reduce spore loss (forOur experiment used one isolate of Pasteuria and one isolate of Metschnikowia. It is 282 possible that genotypes differ in their ability to tolerate storage under lab (and field) conditions. 283
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